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Abstract 
CSIRO and Delta Electricity have developed, commissioned and operated an aqueous ammonia based post combustion 
capture (PCC) pilot plant at the Munmorah black coal fired power station. The results from the pilot plant trials will be used to
address the gap in know-how on application of aqueous ammonia for post combustion capture of CO2 and other pollutants in the 
flue gas and explore the potential of the aqueous ammonia based capture process for application in the Australia power sector. 
This paper reports and discusses part of experimental results obtained from the pilot plant trials. 
© 2010 Elsevier Ltd. All rights reserved 
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1 Introduction  
Ammonia is the simplest amine available to capture CO2 from flue gas and as one of the promising solvents for 
CO2 capture, has recently received increasing attention (1-4). Compared to traditional amines, ammonia is a low 
cost solvent and does not degrade in the presence of O2 and other species present in the flue gas. Moreover, it has a 
high CO2 removal capacity, low absorption heat and hence low regeneration energy. It has also the potential of 
capturing multicomponents (NOx, SOx and CO2) and producing value added chemicals, such as ammonium sulfate 
and ammonium nitrate, which are commonly used as fertilizers. The advantage of multicomponents capture by 
aqueous ammonia is of particular interest to Australian power stations since flue gas desulphurisation (FGD) of SOx
and selective catalytic reduction (SCR) of NOx are not implemented in Australia. 
A number of pilot and demonstration plants have been constructed and operated in the last few years to test the 
technical and economic feasibility of the ammonia based PCC processes. Alstom and Powerspan are the two major 
players in this area. Alstom has patented a chilled ammonia process, in which, as described in the open literature (5, 
6), CO2 is absorbed in highly ammoniated solution at low temperatures (0-20
oC), producing a slurry containing 
ammonium bicarbonate. In the stripper, ammonium bicarbonate is converted to ammonium carbonate at 
temperatures above 100oC and pressures of 20-40 bar. Powerspan has developed a CO2 capture process, called 
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ECO2®, in which the absorption takes place at relatively high temperature, above 20oC, and no slurry is involved in 
the absorber (7).  
Despite recent intensive research work on the aqueous ammonia based capture process at both lab and pilot plant 
scale, information on e.g. absorption rates, ammonia loss and practical experience is, nevertheless, scarcely available 
in the public domain, which complicates the establishment of a good basis for plant design and further assessment of 
the economical and technical feasibility of the process. 
To address the gap in know-how on aqueous ammonia for CO2 capture, CSIRO and Delta Electricity have jointly 
constructed an AUD$7 million research scale PCC pilot plant at Munmorah Power Station and use the pilot plant to 
test the aqueous ammonia based capture process under real flue gas conditions. The design is based on a standard 
absorption/desorption process flow sheet, incorporating two absorbers, which can be run in series or in parallel, a 
regenerator, heat exchangers, pumps and an additional cooling system to enable the absorbers to run at low 
temperature. 
A series of experimental campaigns have been developed to investigate and understand the behaviour of aqueous 
ammonia for PCC, in particular in hot and dry climates, like Australia. The construction and commissioning of pilot 
pant was completed in 2008 and the pilot plant trials are underway and are expected to be completed by September 
2010. This paper presents part of experimental results obtained from the pilot plant trials. 
2 Experimental 
Figure 1. Simplified flowsheet of Munmorah pilot plant with operation of two columns in parallel.  
Figure 1 show the simplified flowsheet of the Munmorah pilot plant, which consists of one pretreatment column, 
two absorber columns with a separate washing column at the top, and one stripper. The pretreatment column works 
as a direct contact cooler for the flue gas and also serves as a scrubber for removal of SO2 in the flue gas. The two 
absorbers provide flexibility in operation with different arrangements (single column or two columns in series or 
parallel). 
The columns are constructed of stainless steel and randomly packed with 25 mm Pall ring (Rhine Ruhr Pty Ltd) 
which has the volumetric surface area of 207 m2/m3. The inner diameters of the columns and their packing heights 
are listed in Table 1. The experimental conditions for the campaigns completed to date are summarized in Table 2. 
Table 3 lists the typical composition of the flue gas measured at a point between the blower and the pretreatment 
column. 
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Table 1. Inner diameters of columns and packing heights. 
Columns Diameter, mm Packing height, m 
Pretreatment column 500 3 
Absorber 600 2-3.9 (one column alone) 
5.8-7.8 (two columns in series) 
Wash column 500 1.8 
Stripper 400 3.5 
Table 2. Summary of the experimental conditions. 
 Overall 
operational 
range 
Condition 1 Condition 2 Condition 3 Condition 4 Condition 5 
Configuration of 
absorbers One or two 
columns 
two columns 
in series 
two columns 
in series 
One or two 
columns 
One column One column 
Total packing height, m 2-7.8 7.8 7.8 2-7.8 2 2 
Ammonia concentration, 
wt% 
0-6 3.5-4.0 2.0-5.0 4.0-5.0 2.0-5.0 2.0-5.0 
CO2 loading of lean 
solvent (mole CO2/mole 
ammonia) 
0-0.6 0.24-0.26 0.15-0.50 0.20-0.24 0.15-0.50 0.20-0.50 
Washing water flowrate, 
L/min 
39 39 39 39 39 39 
Liquid temperature in 
pretreatment and wash 
columns, oC
10-15 10-15 10-15 10-15 10-15 10-15 
Solvent flowrate, L/min 50-134 134 134 134 134 134 
Gas flowrate, kg/h 650-1000 750 660-930 660 660-780 760 
Liquid temperature in 
absorber, oC
10-30 15-20 15-30 20-30 15-20 15-20 
Gas pressure in absorber 
(absolute), kPa 
101-150 101-105 101-105 101-105 101-105 101-105 
Stripper bottom liquid 
temperature, oC
90-150 130 120-140 125-135 120-140 90-130 
Stripper top gas pressure 
(absolute), kPa 
300-850 600 300-600 600 300-600 300-600 
Stripper gas temperature 
after condenser, oC
20-25 20-25 20-25 20-25 20-25 20-25 
Table 3. Typical inlet flue gas composition.  
CO2 H2O O2 NO NO2 SO2 N2
9-12 vol% 3-6 vol% 6.5-10 vol% 200-330 
ppm 
<10 ppm 190-280 
ppm 
76-78 vol% 
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A Gasmet® analyser (FTIR) equipped with a ZrO2 oxygen analyser allowed online identification and 
quantification of gas species in the flue gas at various locations in the pilot plant. Standard wet chemistry titration 
was performed for the determination of CO2 and ammonia content in the liquid samples.  
3 Results and Discussion  
3.1 Removal of SO2 and NOx
Figure 2 shows the typical SO2 (a) and NOx (b) concentration profiles versus time at various locations of the pilot 
plant. SO2 and NOx profiles at the outlet of absorber and wash column are very similar to that at the outlet of 
pretreatment column. They are not included in Figure 2. SO2 removal efficiency in the pretreatment column is more 
than 95% under all experimental conditions listed in Table 2. High SO2 removal efficiency is due to the high 
solubility of SO2 in the water and the enhanced absorption by ammonia present in the wash water. It has been found 
that more than 500 ppm of ammonia is trapped in the wash water in the wash column, which results in the excess of 
ammonia in the wash water for SO2 absorption. However, there is no appreciable effect on NOx removal. That is 
because NOx in the flue gas primarily comprises NO (see Table 3) which has a very low solubility in water and does 
not react with ammonia in the solvent. In order to remove NO in the flue gas, NO needs to be oxidized to NO2
which is highly soluble in water. Alternatively, a separate unit equipped with selective catalytic reduction is 
required.  
Figure 2. Typical (a) SO2 and (b) NOx concentration at various locations of pilot plant versus time.  
3.2 CO2 profile at various locations of pilot plant  
Figure 3 shows the profile of CO2 mass flowrate at various locations and CO2 concentration at the stripper gas 
outlet as a function of time in a typical pilot plant run after commencement of steam supply to the reboiler including 
the time to reach steady state.  Initially, an aqueous ammonia solution with a high CO2 loading is introduced to the 
pilot plant to minimize ammonia loss. With the commencement of solvent regeneration in the stripper, CO2 loading 
in the lean solvent decreases until reaching a targeted value under specified conditions. Consequently, the amount of 
CO2 removed in the absorber increases until it stabilizes. The overall CO2 removal efficiency is ca. 75-80% in this 
particular run. Removal efficiency of above 85% has been achieved under similar conditions but with higher 
ammonia concentration and lower CO2 loading in the solvent. Overall CO2 removal efficiency is defined as the 
percentage of CO2 absorption rate (mass flowrate)  in the columns (pretreatment, absorber and wash column) with 
respect to  CO2 mass flowrate at the inlet of pretreatment column. The CO2 purity at the stripper gas outlet is 
generally between 99-100% with the remaining being water (0.3-0.5%) and ammonia (200-1000 ppm) under the 
conditions investigated.  
Time
  09:00   10:00   11:00   12:00   01:00   02:00
N
O
x
, 
p
p
m
0
50
100
150
200
250
300
Inlet
Pretreatment 
Stripper
(b)
Time
  09:00   10:00   11:00   12:00   01:00   02:00
S
O
2
, 
p
p
m
0
50
100
150
200
250
300
Inlet
Pretreatment 
Stripper
(a)
H. Yu et al. / Energy Procedia 4 (2011) 1294–1302 1297
 Author name / Energy Procedia 00 (2010) 000–000 5
Figure 3 CO2 mass flowrate at various locations and stripper CO2 concentration at the stripper gas outlet vs time. 
Conditions are listed in Table 2 (condition 1). Two absorbers are in series and the total packing height is 7.8 m. 
Wash column at top of absorber 1 is not used.  
3.3 Effect of various parameters on the CO2 absorption rate or CO2 removal efficiency.  
Figure 4 Effect of CO2 loading of lean solvent, ammonia        Figure 5 Effect of packing height in absorber  on the  
concentration and temperature on the CO2 absorption             CO2 absorption rate in absorber and overall CO2
rate under condition 2 in Table 2.                                             removal efficiency under condition 3 in Table 2.
Figure 4 shows the effect of CO2 loading in the ammonia solvent on the CO2 absorption rate at two ammonia 
concentration ranges (2-2.5% and 4.5-5%). The CO2 loading refers to the molar ratio of CO2 to ammonia in the 
solvent. As expected, increase in ammonia concentration and decrease in loading leads to increase in overall 
removal efficiency. Figure 4 also include the CO2 removal efficiency at 4.5-5% ammonia at a temperature range of 
25-30oC. Compared to the case at the lower temperature range (15-20oC) at the same concentration, increase in 
temperature by 5-10oC leads to a slight increase CO2 removal efficiency. 
The effect of packing height on the CO2 removal efficiency and CO2 absorption rate is depicted in Figure 5. It is 
obvious that with the availability of more packing, more CO2 is removed. However, the increase in CO2 absorption 
rate is not proportional to increase in packing height. As shown in Figure 5, the ratio of increase in CO2 absorption 
rate to increase in packing height decreases with packing height increases.  
The pilot plants trials have also investigated the effect of many other parameters on the CO2 absorption 
rate/overall CO2 removal efficiency, which include solvent circulation rate, gas flowrate, absorber pressure up to 1.5 
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bar, configuration of columns. To better understand how these parameters affect the CO2 absorption as well as 
ammonia loss, it is desirable to develop a mathematical correlation to relate these parameters to CO2 absorption and 
ammonia loss if possible. To this end, some experiments are designed and carried out to obtain CO2 mass transfer 
coefficient under the pilot plant conditions.  
The CO2 absorption rate within the column can be calculated by Equation 1 
)( * 222 COCOGCO PPAKN   (1) 
Where  
2CON , CO2 absorption rate, mmol/s.  
GK , overall gas phase mass transfer coefficient, mmol/(s m
2 kPa). 
2COP , partial pressure of CO2 in the flue gas, kPa.  
*
2COP , CO2 equilibrium partial pressure in the solvent, kPa.  
A, effective interfacial surface area of packing, m2.
Figure 6. The measured and predicted fraction of effective surface area as a function of liquid flowrate. NaOH 
concentration: 0.1-0.7 mol/L; CO2 concentration in the gas: 1000-5000 ppm. Gas flowrate: 780-800 kg/h; Liquid 
flworate: 50-134 L/min; Absorption temperature: 15-20oC.
For the given flue gas conditions and targeted CO2 removal efficiency, CO2 pressure in the flue gas at inlet and 
outlet of absorber is known. The CO2 equilibrium pressure for a given solvent can be obtained from the well 
established thermo dynamic databases (8). So it is clear that a knowledge of GK and A is critical for the prediction of 
CO2 absorption rate and for plant design and scale up. The effective surface area of packing can be determined by 
following the procedures described by Rejl et al. (9), in which the NaOH solution is used to absorb the diluted CO2
gas. In this case, GK  is well defined and can be calculated directly. The correlations for the CO2 diffusion, Henry’s 
constant and reaction rate constant for the reaction of CO2 and OH
- in the NaOH solution were based on work by 
Pohorecki and Moniuk (10). Figure 6 shows the ratio of the effective surface area of packing to the total surface area 
of packing in the absorber as a function of liquid flowrate at a fixed gas flowrate.  The predicted values from the 
correlations by Onda are also included in Figure 4 (11). As shown in Figure 4, the effective surface area increases 
slightly with increasing solvent flow rate and between 50 and 70% of the total packing area is available for the mass 
transfer under the conditions studied. The measured values are 15-20% higher than those predicted by Onda. 
Once the surface area is determined, GK can be calculated by Equation 2.  
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Figure 7. Effect of ammonia concentration and loadings on the mass transfer coefficients in the absorber under 
condition 4 in Table 2. Arithmetic average of CO2 loading of lean and rich solvent is used. 
Figure 7 shows the effect of ammonia concentration and loadings on GK . At high loadings above 0.45, the effect 
of ammonia concentration on GK is minimal, indicating that in the high loading range, the CO2 mass transfer in the 
absorption process is controlled by the diffusion process. In the loading range below 0.45 and with the availability of 
more free ammonia, the enhancement of CO2 absorption by the reaction of CO2 and ammonia is more evident. The 
GK  values increase with both a decrease in loading and an increase in ammonia concentration, which can explain 
the general trend observed in Figure 4.  
3.4 Ammonia loss and ammonia precipitation  
Figure 8 Effect of CO2 loading in the lean solvent and ammonia concentration on (a) CO2 absorption rate and (b) 
ammonia loss rate under condition 5 in Table 2.  
Under the pilot plant conditions listed in Table, 1, ammonia loss is high, Figure 8 shows the CO2 absorption rate 
and corresponding ammonia loss at two ammonia concentration ranges under the conditions of run 5 listed in Table 
2. Ammonia loss rate refers to the amount of ammonia slipping to the flue gas per unit time and is calculated as the 
difference of ammonia mass flowrate between outlet and inlet of absorber. As shown in Figure 8, both increasing 
ammonia concentration and decreasing CO2 loading which favors CO2 absorption rate lead to increase in ammonia 
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slipping to flue gas, to a larger extent. High ammonia loss means a bigger wash section to recover ammonia and 
subsequently high capital costs for recycling ammonia.  
As for CO2 absorption rate expressed by Equation 1, the ammonia loss rate (desorption rate) in the absorber can 
be expressed by Equation 3,  
)( 3
*
33,3 NHNHNHGNH PPAKN   (3) 
Where  
3NHN , NH3 absorption rate, mmol/s.  
3,NHGK , overall gas mass transfer coefficient, mmol/(s m2 kPa). 
3NHP , partial pressure of NH3 in the flue gas, kPa.  
*
3NHP , NH3 equilibrium partial pressure in the solvent, kPa.  
A, effective interfacial surface area, m2.
It has been found that conditions which favor CO2 absorption rate, including increase in ammonia concentration, 
absorption temperature, solvent circulation rate and packing area, and decrease in loading, tend to increase ammonia 
loss rate. This observed trend is consistent with that expected from Equation 3. In addition, low CO2 absorption rate 
means that less CO2 is absorbed in the liquid to react with ammonia, resulting in more free ammonia in the solvent. 
This, in turn, facilitates the ammonia loss.  
Operation of absorption under pressure can increase CO2 partial pressure throughout the absorber, which has 
been found to be very effective in suppression of ammonia loss and enhancement of CO2 absorption. Research work 
is underway to further investigate the effect of absorber pressure on the CO2 absorption and ammonia loss as well as 
the enhancement of CO2 absorption rate with help of additives/homogeneous catalysts in an effort to reduce 
ammonia slip. 
In addition to ammonia loss in the absorber, ammonia loss at the stripper gas outlet is minimal due to high 
pressure operation of the stripper. The ammonia concentration can be controlled within 200 ppm under pressure (up 
to 850 kPa, the maximum pressure which has been tested) and at low temperature (20-25oC). However, moderately 
high pressures and low temperatures in the stripper condenser and reflux lines lead to the precipitation of 
ammonium bicarbonate. As a result, part of ammonia does not return to the system and this can be treated as a loss. 
The buildup of solids can block the stripper condenser and reflux pipes, leading to a shut-down of the pilot plant. 
Blockage also occurs in instrument tubing, leading to false readings and affecting the operation. So far only 
ammonia solutions up to 6 wt% have been tested above which steady operation can not be maintained due to 
ammonia loss and the blockage of the stripper condenser with the current configuration of pilot plant. The novel 
stripper design will be implemented and tested in the next stage to avoid the precipitation issue.  
3.5 Regeneration energy  
The regeneration energy includes the heat of CO2 desorption reaction, the latent heat of evaporation of water and 
solvent and the sensible heat of solution. Due to the low ammonia content in the solution, CO2 content in the 
solution is low and more than 50% of regeneration energy is used to heat up the solvent. As a result, the 
regeneration energy is generally high and the lowest regeneration energy obtained from the pilot plant trials is 4-4.2 
MJ/kg CO2 captured, which is close to the regeneration energy (3.7 MJ/kg CO2 captured) reported for MEA (12) but 
higher than that reported (2.79 MJ/kg CO2 captured) for the high ammonia concentration after heat integration (13). 
We believe that further increase in ammonia concentration and optimization of pilot plant conditions will 
significantly reduce the regeneration energy.  
Conclusions 
The pilot plant trails with the Munmorah PCC pilot plant have confirmed the technical feasibility of the process 
and most of the benefits expected. CO2 removal efficiency of more than 85% can be achieved even with low  
ammonia content of up to 6 wt%.  The stripper gas steam has a CO2 concentration of generally 99-100%.  More than 
95% of SO2 in the flue gas is removed in the pre-treatment column. The mass transfer coefficients for CO2  in the 
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absorber under various conditions have been obtained based on pilot plant data. The research team has significantly 
improved their understanding of the process under the Australian conditions. The results and lessons learned from 
the trials are encouraging. A number of novel approaches/concepts have been developed and will be tested to further 
advance the aqueous ammonia based post combustion capture process.  Additional results will be presented in the 
follow up publications when they are available.  
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